Effect of hyaluronic acid (MW 500–730kDa) on proteoglycan and nitric oxide production in human osteoarthritic chondrocyte cultures exposed to hydrostatic pressure  by Fioravanti, A. et al.
OsteoArthritis and Cartilage (2005) 13, 688e696
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.joca.2005.03.006Effect of hyaluronic acid (MW 500e730kDa) on proteoglycan
and nitric oxide production in human osteoarthritic chondrocyte
cultures exposed to hydrostatic pressure
A. Fioravanti M.D.y*, L. Cantarini M.D.y, F. Chellini Ph.D.y, D. Manca Ph.D.z,
E. Paccagnini Ph.D.x, R. Marcolongo M.D., Professory and G. Collodel Ph.D.z
yRheumatology Unit, Department of Clinical Medicine and Immunological Sciences, University of Siena, Italy
zDepartment of Paediatrics, Obstetrics and Medicine of Reproduction, Section of Biology,
University of Siena, Italy
xDepartment of Evolutionary Biology, Italy
Summary
Objective: This study investigated the in vitro effects of hyaluronic acid (HA) of molecular weight (MW) 500e730 kDa on human articular
chondrocytes cultivated for 48 h in the presence of interleukin-1b (IL-1b) with and without hydrostatic cyclical pressure.
Design: The effects of 10 and 100 mg/ml HA with and without IL-1b were assessed in the culture medium of cells exposed to pressurization
cycles in the form of sinusoidal waves (minimum pressure 1 MPa, maximum pressure 5 MPa) at a frequency of 0.25 Hz for 3 h, by the
immunoenzymatic method on microplates for the quantitative measurement of human proteoglycans (PG) and by the Griess method for
nitrites (NO). Morphological analyses were performed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Results: The presence of IL-1b determines a signiﬁcant decrease in PG and a signiﬁcant increase in NO concentrations measured in the
culture medium. When the cells are cultured in the presence of IL-1b and HA at the two concentrations, a statistically signiﬁcant restoration of
PG and a decrease in NO levels are observed. Under pressurization conditions, we observed that the PG concentration in the medium of cells
presented a very signiﬁcant increase in all the conditions used in the study, except for IL-1b alone. NO production decreased very signiﬁcantly
in the presence of IL-1bCHA 10 and IL-1bCHA 100. The results of metabolic evaluation are conﬁrmed by morphological ﬁndings obtained
by TEM and SEM.
Conclusions: These in vitro studies conﬁrm both the protective role of HA (MW 500e730 kDa), which counteracts the IL-1b-induced effects,
and the importance of pressure on chondrocyte metabolism and morphology.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The destruction of articular cartilage is a common feature in
joint diseases such as osteoarthritis (OA). The structural
breakdown of proteoglycans (PG) and collagen is believed
to be the result of an increased catabolic activity by
chondrocytes1.
Interleukin-1b (IL-1b) is a cytokine involved in cartilage
degradation processes2. In response to IL-1b, chondrocytes
secrete neutral metalloproteinases (MMPs), and nitric oxide
(NO)3e5. Moreover, IL-1b is a potent inhibitor of PG and
collagen synthesis6.
NO is a highly reactive, cytotoxic, free radical that has
been implicated in tissue injury in a variety of diseases.
Increasing evidence indicates that NO may also contribute
to the pathophysiology of OA. Increased nitrite concen-
trations in serum and synovial ﬂuid from patients with
rheumatoid arthritis and OA have been reported7. Moreover,
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Received 17 May 2004; revision accepted 14 March 2005.68NO promotes numerous effects on chondrocytes: inhibition
of matrix synthesis8, activation of MMPs9, induction of
apoptosis10, reduction of IL-1 R antagonist (IL-1 Ra)11.
The increased production of NO may be an additional
factor contributing to the excessive production of prosta-
glandin E2 (PGE2) by OA tissue
12.
PGE2 and NO are known to play a major role in
nociception13,14. NO in particular is an important neuro-
transmitter, responsible for central sensitisation of the pain
pathway14.
Several in vitro studies have shown the importance of
mechanical compression or hydrostatic pressure as a car-
tilage metabolism modulator. The biosynthetic response of
chondrocytes to hydrostatic pressure in vitro varies with the
magnitude, frequency and duration of loading15e21. Chon-
drocytes respond to intermittent loading by increased PG
synthesis, whereas continuous mechanical loading produ-
ces the opposite effect. Hydrostatic pressure affects
proteins, the cytoskeleton and cell organelles22; compres-
sion of cartilage results in the deformation of cells and the
extracellular matrix, as well as physicochemical changes
which include altered matrix water content, ﬁxed charge
density, mobile ion concentrations, and osmotic pressure15.8
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cartilagematrix. It is synthesised by chondrocytes, ﬁbroblasts
and synoviocytes and released into the extracellular matrix
and synovial ﬂuid. In the course of OA there is a decrease in
the HA content of both the cartilage and synovial ﬂuid23.
Intra-articular injections of hyaluronan of molecular
weight (MW) of 500e730 kDa (Hyalgan) have been used
for several years in OA treatment. Several clinical,
controlled studies have shown that ﬁve intra-articular
injections of this product, signiﬁcantly reduce pain and
ameliorate function in patients with knee OA, with an effect
lasting several months24,25. HA also has a structure-
modifying potential in OA26e28.
Chondrocyte cultures represent a valid and simpliﬁed
biological model to test the effects of drugs and such agents
as cytokines, hormones and growth factors. They can also
be used to evaluate the inﬂuence of hydrostatic pressure on
chondrocyte morphology and metabolism.
In this work, we studied the in vitro effects of HA (MW
500e730 kDa) on human articular chondrocytes cultivated in
the presence or in the absence of IL-1b, during 48 h of culture
with and without cyclic hydrostatic pressure of a magnitude
and frequency close to those that presumably exist in
articular cartilage29,30. Under these conditions, we evaluated
the effect of HAG IL 1b throughmetabolic (PG levels andNO
production in the culturemedium) andmorphological assess-
ments carried out with a transmission electron microscope
(TEM) and scanning electron microscope (SEM).
Method
CELL CULTURE
OAhuman articular cartilagewas obtained from the femoral
heads of ﬁve patients with OA, deﬁned by clinical and
radiological american college of rheumatology (ACR) crite-
ria31, who were undergoing surgery for total hip prostheses.
The mean age of the group was 68 years (range 63e71).
Macroscopically, the cartilage was not altered, but
histological study of representative samples showed typical
osteoarthritic changes, such as the presence of chondro-
cyte clusters, loss of methachromasia, and ﬁbrillation.
Immediately after surgery, the cartilage specimens were
cut aseptically, minced into 2 mm2 pieces and sequentially
digested by clostridial collagenase (SIGMA, Italy), 1 mg/ml
in phosphate buffered saline (in mM: NaCl 140, KCl 2.7,
NaH2PO4 8.1, K2HPO4 1.5, pH 7.4), containing 200 U/ml of
penicillin, 200 mg/ml of streptomycin and 0.25 mg/ml of
amphotericin B. Collagenase digestion was carried out at
37(C for 18 h with moderate stirring. The chondrocytes
obtained after collagenase digestion were rinsed twice
in saline solution A (in mM: 10 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid (HEPES), 140 NaCl, 5 KCl,
5 Glucose, pH 7.4) and centrifuged for 10 min at 700 g. As
shown by the Trypan blue viability test, 90e95% of the
recovered cells were alive.
Cells were cultured in 24-well microplates at a density of
5! 105 cells/well and overlaid with 1 ml of medium
containing 10% foetal calf serum, 200 U/ml penicillin,
200 mg/ml streptomycin, 2 mM glutamine in Dulbecco’s
Minimum Essential Medium. Cells were maintained in an
atmosphere of 5% CO2 in the air, at 37(C for 48 h.
STUDY WITH HYALURONAN PREPARATIONS
The effects of HA (MW 500e730 kDa, Hyalgan) in the
presence of IL-1b were analysed on chondrocytes culturedas described above. This HA (batch Nr. 066100) at
concentrations of 10 and 100 mg/ml, with or without human
recombinant IL-1b (Boehringer Mannheim, Italy) 5 ng/ml,
was added to the culture medium throughout the test
period. After 48 h, the medium was removed and stored at
70(C pending determination of its PG and NO content.
The production of NO and PG in samples of cell cultures
at baseline and after incubation in the presence of IL-1b,
alone or associated with the various concentrations of HA
with or without pressurization, was evaluated in the culture
medium removed after 48 h of incubation.
PRESSURIZATION SYSTEM
Our pressurization system has some special character-
istics that have already been described in detail32. Brieﬂy,
this pressure chamber system consists of a hermetically
sealed stainless steel cylinder, 400 mm high with an internal
diameter of 90 mm.
The chamber, ﬁlled with distilled water and maintained at
a temperature of 37(C by the thermostat system, is then
pressurized using the hydraulic energy produced by an
electro-power pack and applied through the transfer
accumulator to the water in the chamber. By means of
a data processing system installed in a personal computer
and based on turbo-Pascal language, the operator can
preset and modify the pressure inside the chamber for the
entire duration of the experiment. This system permits
pressure levels ranging between 0-24 Hpa to be reached in
automatically carrying out the entire programme of the ﬁlling
and thermostatic control steps of the pressure chamber and
of pressurization according to preselected periodic func-
tions. The loading and unloading periods for cyclic pressure
can be freely selected.
Chondrocytes were cultivated on Petri dishes. After 48 h,
the dishes were ﬁlled with culture medium and sealed with
a covering of Surlyn 1801 Bynel CXA 3048 bilayer
membrane (thickness 90 mm; Du Pont, Italy), after expelling
all air. Surlyn membrane is partially permeable to O2 and
CO2, but not to water or other solutions and it is suitable for
preserving a stable environment33. The membrane was
attached to the rim of the Petri dish with Jet Melt 3764
adhesive (3 M, Italy). During the experiments, the dishes
were immersed in preheated (37(C) distilled water.
In this study, the chondrocytes covered in culture medium
were pressurized by applying sinusoidal waves with
a minimum pressure of 1 MPa, a maximum pressure of
5 MPa and a frequency of 0.25 Hz for 3 h. Dishes cultivated
in the loading chamber but without undergoing pressuriza-
tion served as controls. After pressurization, the culture
medium was collected and stored at 70(C for PG and NO
determination and the chondrocytes were immediately ﬁxed
for TEM and SEM.
BIOCHEMICAL ASSAYS
The quantity of PG in the culture medium was measured
by the immuno-enzymatic method34 on microplates for the
quantitative measurement of human PG (Medgenix Diag-
nostics, Belgium).
This technique uses two monoclonal antibodies which
are directed against keratan sulphate PG, and another
monoclonal antibody which is directed against the
bonding site of hyaluronic acid PG. Standards and
samples containing PG react with the monoclonal
antibody (MAbs1) attached to the well of the microplate,
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labelled with horseradish peroxidase (HRP). After an
incubation period which allowed for the formation of
a sandwich made up of coated MAbs1/PG/MAbs2-HRP,
the wells were washed several times in order to remove
the labelled antibody which had not bonded. The amount
of bonded antibody was measured by adding and
incubating a chromogen solution.
The reaction was then blocked by adding a stop solution.
The microplate was read at 450 nm and the quantity of
substratum was determined colorimetrically by measuring
the absorbance, which is proportional to PG concentration.
The assay sensitivity was 0.9 ng/ml.
NITRITE ASSAY
The quantity of nitrites in the culture medium was
measured by the Griess method35. Equal volumes
(100 ml) of supernatant and Griess reagent (1% sulfanil-
amide, 0.1% N-1-naphthylethylenediamide dihydrochloride
in 5% H3PO4) were incubated on microplates at room
temperature for 15 min. The absorbance was measured
with a spectrophotometer at 550 nm. The concentration of
nitrites was calculated using a standard curve made by
successive dilutions of a solution of sodium nitrite in
water.
TEM
Cultures of human chondrocytes were ﬁxed for 2 h at 4(C
in cold Karnovsky ﬁxative36, rinsed overnight in 0.1 M pH
7.2 cacodylate buffer and post-ﬁxed for 1 h at 4(C in 1%
buffered OsO4, dehydrated in a graded series of ethanol
and embedded in Epon-Araldite.
Ultra-thin sections cut with an LKB III ultramicrotome
were collected in copper grids, stained with uranyl acetate
and lead citrate and then photographed using a Philips
CM10 electron microscope. We examined at least 100 cells
from each group.SEM
Cultures of human chondrocytes were ﬁxed for 2 h at 4(C
in cold Karnovsky ﬁxative36, washed in cacodylate buffer
0.1 M pH 7.2 overnight, post-ﬁxed in 1% buffered OsO4 in
veronal acetate buffer for 2 h and washed in cacodylate
buffer 0.1 M pH 7.2. The chondrocytes were dehydrated in
a graded series of ethanol, placed in tert-butanol and frozen
at 0(C before drying by sublimation of the tert-butanol in
a vacuum chamber. The samples were sputter coated with
gold and observed in a Philips SEM 505. At least 200
chondrocytes from each group were evaluated.
STATISTICAL ANALYSIS
Thedatawere expressedas themeanG SDofPG release
into the culture medium per 105 cells and NO (ng/105 cells)
release into the culture medium in the ﬁve tested cultures.
For comparison of the two groups, a paired test of
wilcoxon was used; P! 0.05 was considered signiﬁcant.
Results
The total PG concentration in the culture medium during
the 48 h at baseline conditions, in the presence of
a damaging stimulus represented by IL-1b at a concentra-
tion of 5 ng/ml and in the presence of IL-1b and of HA at the
two concentrations used in the study, i.e., 10 and 100 mg/ml
of culture medium, is shown in Fig. 1. The presence of IL-1b
determines a very signiﬁcant decrease (P! 0.001) in PG
levels, but when the cells are cultured in the presence of
IL-1b and HA at the two concentrations, a statistically
signiﬁcant restoration of PG production is observed (HA
10, P! 0.05; HA 100 P! 0.01). Data show that the
restoration is dose-dependent (Fig. 1).
In Fig. 1 we compare the data obtained under pressurized
conditions with those obtained without pressurization. There
is a very signiﬁcant increase (P! 0.001) in the level of PG in
the culture medium in basal conditions, while pressurization
does not signiﬁcantly increase the PG levels in the cellsFig. 1. Total amount of PG measured in culture medium (ng/mg DNA) during 48 h of culture (pooled data) in basal conditions, in the presence
of IL-1b and in the presence of IL-1b and HA 10 and 100 mg/ml with and without pressurization conditions. prZ cyclic pressurization
minimum pressure 1 MPa and maximum pressure 5 MPa at 0.25 Hz frequency. Data are expressed as mean valuesG SD; b vs a P! 0.001;
c vs b P! 0.05; d vs b; P! 0.01. P! 0.05; P! 0.01; P! 0.001. Data are expressed as mean valuesG SD; e vs a ***P! 0.001; g vs c
***P! 0.001; h vs d ***P! 0.001. *P! 0.05; **P! 0.01; ***P! 0.001.
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of HA induces a very signiﬁcant increase (P! 0.001) at both
concentrations tested (10 and 100 mg/ml).
The NO (ng/105 cells) production in the culture medium at
baseline conditions, in the presence of IL-1b at a concen-
tration of 5 ng/ml and in presence of IL-1b and of HA at the
two concentrations used in the study, is shown in Fig. 2.
The presence of IL-1b determines a very signiﬁcant
increase (P! 0.001) in NO production, but when the cells
are cultured in the presence of IL-1b and HA, a very
statistically signiﬁcant decrease (P! 0.001) in NO pro-
duction is observed at the two concentrations studied
(Fig. 2).
In Fig. 2 we compare the data obtained under pressur-
ized conditions with those obtained without pressurization.
There is a slight, but not signiﬁcant, decrease in the
concentration of NO at basal conditions. As Fig. 2 shows,
the physiological pressurization determines a signiﬁcant
decrease (P! 0.05) in the level of NO in the culture
medium in the presence of IL-1b. The addition of HA
induces a further signiﬁcant decrease in NO in the culture
medium in a dose-dependent manner at both concentra-
tions used.
The results concerning metabolic production are further
conﬁrmed by the morphological ﬁndings obtained by TEM
and SEM that indicate effects actuated by IL-1b, HA and
pressure on the metabolic functions of the chondrocytes.
Figure 3 shows cultured cells without pressurization: under
basal conditions (A) the nucleus appears euchromatic, the
cytoplasm contains rough endoplasmic reticulum (RER)
and lipid droplets, and in the presence of IL-1b (B) the
chondrocyte shows several vacuoles in the cytoplasm.
Figure 3(C, D) shows cells in the presence of IL-1bCHA
10 [Fig. 3(C)] and IL-1bCHA 100 [Fig. 3(D)]. In both cases
the nuclei are euchromatic and the cytoplasm contains
a reduced number of vacuoles and RER and lipid droplets
are present.
Figure 4 shows cultured cells after pressurization: under
basal conditions (A): the cell shows a cytoplasm rich in RER
and mitochondria, in the presence of IL-1b (B) the
chondrocyte shows RER and mitochondria limited to a partof cytoplasm which also contains a number of vacuoles.
Figure 4(C, D) shows cells in the presence of IL-1bCHA
10 [Fig. 4(C)] and IL-1bCHA 100 [Fig. 4(D)] and a recovery
of the cell structures can be observed. SEM images conﬁrm
TEM data. Chondrocytes retain their spherical shape under
basal conditions and some secretion granules and collagen
ﬁbrils are present [Fig. 5(A)]. Conversely, cells cultured in
the presence of only IL-1b show a loss of cytoplasmic
processes and the presence of superﬁcial alterations
[Fig. 5(B)]. After pressurization, in the presence of IL-
1bCHA 10 or HA 100, chondrocytes present a restored
surface morphology [Fig. 5(C)].
Discussion
In the present study, the effects of IL-1b and HA (MW
500e730 kDa) were tested in the presence and absence of
cyclic hydrostatic pressure on the morphology of in vitro
human osteoarthritic chondrocytes and their production of
PG and NO. It is currently accepted that IL-1b is an important
mediator in the cartilage destruction observed in OA2. IL-1b
is able to increase the synthesis of MMPs, to inhibit the
synthesis of the major physiological inhibitors of these
enzymes and to inhibit the synthesis of PG and collagens3,6.
Our experiments have shown that the addition of IL-1b
determines a reduction in the concentration of PG in
the culture medium; this could be due to the fact that the
cytokine IL-1b induces an inhibition of PG synthesis by
the chondrocytes, as shown in the morphological studies.
The morphological aspects show signs of cellular
suffering with the presence of vacuoles and a lack of the
cellular organelles typically responsible for the synthesis of
the matrix glycoproteins [Figs. 3(B), 5(B)]. When the cells
were cultivated in the presence of IL-1b and HA, a restora-
tion of PG concentration in the culture medium was
detected. The increase in PG levels depends upon the
HA doses used (Fig. 1). This result is in accordance with
data from previous studies proving the HA inhibiting effect
of IL-1b in chondrocytes37e40. Structural evaluation
conﬁrms these biochemical ﬁndings; chondrocytes exhibitFig. 2. Total amount of NO measured in culture medium (ng/106 cells) during 48 h of culture (pooled data) in basal conditions, in the presence
of IL-1b and in the presence of IL-1b and HA 10 and 100 mg/ml with and without pressurization conditions. prZ cyclic pressurization
minimum pressure 1 MPa and maximum pressure 5 MPa at 0.25 Hz frequency. Data are expressed as mean valuesG SD; b vs a: P! 0.001;
c vs b: P! 0.001; d vs b: P! 0.001. P! 0.05; P! 0.01; P! 0.001. Data are expressed as mean valuesG SD; f vs b *P! 0.05; g vs c:
**P! 0.01; h vs d: *P! 0.05. *P! 0.05; **P! 0.01; ***P! 0.001.
692 A. Fioravanti et al.: Hyaluronic acid on pressurized chondrocytesFig. 3. Sections of OA chondrocytes cultured under basal conditions. A) Control. The cell shows an euchromatic nucleus (N) and a cytoplasm
abundant in RER. B) Presence of IL-1b. The cell presents a very vacuolate cytoplasm (arrows); nucleus (N). C,D) Presence of IL-1bC HA 10
(C) and IL-1bC HA 100 (D). The cells recover their good state of health. The cytoplasm contains RER; nucleus (N), mitochondria (M), vacuole
(V). A) 30,000!, B) 10,000!, C) 13,000!, D) 10,000!.a good cytoplasmic organization [Fig. 3(C, D)] after the
addition of HA. In a study on PG synthesis in bovine
articular cartilage explants both in the presence and
absence of IL-1b, it was also reported that HA penetrated
the cartilage and accumulated in the pericellular matrix of
chondrocytes, thereby maintaining synthesis, which was
suppressed by IL-1b in the absence of HA39.
The articular cartilage tissue is constantly subjected to
loading, which varies according to body weight, muscular
tension, posture and physical activity. Hydrostatic pressure
is one of the several factors which operate in the articular
cartilage subjected to loading15e18.
In our study, the applied pressure was within the
physiological range of the human joint. In fact, pressure
peaks of up to 18 MPa were measured in human hip joints;however, pressure levels of 5 MPa are most often
encountered in the knee joint during normal walking29,30.
Chondrocytes undergoing physiological pressurization
according to sinusoidal waves with a minimum pressure
of 1 MPa, a maximum pressure of 5 MPa and a frequency
of 0.25 Hz, presented a greater metabolic activity which
was expressed in a very signiﬁcant increase of PG levels in
the culture medium at basal conditions (Fig. 1). This was
also shown in the morphological analysis by TEM [Fig. 4(A)]
and SEM; chondrocytes presented a signiﬁcant improve-
ment in cellular features conﬁrming this shift towards a more
anabolic activity.
In our opinion, the increase of PG in the culture medium
which was also observed in basal conditions, could be
determined by a stimulation of cellular activity induced by
693Osteoarthritis and Cartilage Vol. 13, No. 8Fig. 4. Sections of OA chondrocytes cultured under pressurization. A) Control. The cell shows an euchromatic nucleus (N) and a cytoplasm
abundant in RER, mitochondria (M). B) Presence of IL-1b. The cytoplasm shows a partial vacuolization (V),also a fair amount of RER is
present; nucleus (N), mitochondria (M). C, D) Presence of IL-1bC HA 10 (C) and IL-1bC HA 100 (D). The cells show a good activity
(abundant presence of RER) and reduced number of vacuoles (V); nucleus (N). A) 17,500!; B) 16,000!, C) 13,000!, D) 18,000!.cyclical pressurization, as demonstrated by other
authors16,20,41.
Hydrostatic pressure appears to modulate aggrecan
biosynthesis through membrane-mediated pathways, such
as the transport of cations, amino acids and macro-
molecules. It has also been suggested that hydrostatic
pressure may alter the action of the membrane NaC/KC
pump, thus altering intracellular KC concentrations29.
Also, cyclic adenosine monophosphate (cAMP), which
has been identiﬁed as an important mediator of PG
synthesis and cartilage growth42, seems to play a direct
role in the mechanical stimulation of matrix biosynthesis.
Constant hydrostatic pressures that inhibit PG synthesis
also inhibit cAMP accumulation through a calcium-mediated
process43. Conversely, intermittent hydrostatic pressures in
chondrocyte cell culture systems result in concurrent
increases in both cAMP and PG synthesis rates44.
The stimulating effect of the physiological hydrostatic
pressure which we have shown is in agreement with that
found by other authors who have also utilized human
osteoarthritic cartilage45,46. Some studies have shown that
OA chondrocytes are more sensitive to physiological
hydrostatic pressure than normal chondrocytes22,45. In ourstudy, however, the stimulating effect of pressure was not
enough to counterbalance the negative effect determined
by the addition of IL-1b, which does indeed induce a serious
metabolic and morphological imbalance [Fig. 4(B)].
However, the addition of HA provided protection from the
effects of IL-1b under the pressurization conditions used in
the study. The simultaneous use of pressurization with the
presence of HA in fact determined a highly signiﬁcant
increase in PG concentration, as if a synergism existed
between the drug and the mechanical factor regarding IL-1b.
Biochemical data were also supported by the morpho-
logical analysis [Figs. 4(C, D) and 5(C)]. The morphological
features we highlighted by TEM match those reported in
other studies on man26,27.
In particular, the treatment with HA (MW 500e730 kDa) in
patients with knee OA determined a signiﬁcant increase
in the superﬁcial cartilage layer thickness, with an increase
in chondrocyte density and a restoration of the characteristic
structures controlling chondrocyte anabolism26.
Recent ﬁndings showed that NO is a potent mediator of
cartilage damage in OA. Several in vitro studies demon-
strated that NO and its products can accelerate cartilage
catabolism and reduce its anabolism8e11. Moreover,
694 A. Fioravanti et al.: Hyaluronic acid on pressurized chondrocytesFig. 5. SEM micrographs of OA chondrocytes. A) Basal conditions.
The cell exhibits a spherical shape; granules and collagenic ﬁbrils
are present (arrows). B) Presence of IL-1b. The cell morphology is
altered, moreover it is largely devoid of granules and ﬁbrils
(arrows). C) PressurizationC IL-1bC HA 100. The cell shows
a spherical shape; granules and ﬁbrils are present (arrows) A, B)
5000!, C) 6000!.a selective inhibition of inducible nitric oxide synthase, can
reduce the progression of experimental OA in vivo47.
In the present study, we demonstrated that, as reported,
IL-1b signiﬁcantly increases the production of NO and that
HA decreases in a very signiﬁcant manner the production of
NO at both concentrations used (Fig. 2).
These results tally with those recently published by
Maneiro et al.48.
When cells were cultivated under pressure, a reduced
production was already recorded under basal conditions
(Fig 2); moreover, physiological pressure signiﬁcantly
decreased IL-1b-induced NO production. These results
conﬁrm the protective effect of cyclic hydrostatic pressure
on the release of NO by chondrocytes when stimulated by
various factors49,50.
The addition of HA considerably increased the effect of
hydrostatic pressure on NO production (Fig. 2).
The exact mechanism of action of HA (MW
500e730 kDa) on chondrocytes has not yet been fully
elucidated. Some of the biological activities of HA may be
mediated by linking its speciﬁc receptors (cluster determi-
nant (CD) 44, intracellular adhesion molecule (ICAM)-1,
receptor for hyaluronate-mediated motility) that are ex-
pressed by a wide range of cells, including those implicated
in the pathology of OA (e.g., inﬂammatory cells, synovio-
cytes and chondrocytes)51,52.
Recently, it was reported that the anti-apoptotic effect of
HA in OA human chondrocytes was signiﬁcantly decreased
by the addition of both anti-CD-44 and anti-ICAM-1
antibodies to the cultures53. Other authors have shown that
preincubating human cartilage explants with anti-CD-44
antibody reduces the inhibitory effect of HA on IL-1b-
induced MMP production54.
In conclusion, our study conﬁrms the importance of
hydrostatic pressure on chondrocyte metabolism. The use
of isolated chondrocytes in the study of metabolic response
to loading must be approached with caution, because of the
important role of the natural extracellular matrix in signal
transduction and in transmitting the external load to the cell
and intracellular components. Cultured chondrocytes can
be used, however, to study the mechanism by which
pressure effects are mediated in the cells.
Furthermore, our study points out the stimulating action of
HA on PG production and metabolic chondrocyte activation
(TEM and SEM analysis) as well as its inhibiting effect on
NO production.
These results conﬁrm in vitro the data obtained in clinical
studies on patients with OA that demonstrated a potentially
structure-modifying action of HA (MW 500e730 kDa)26e28.
HA’s effect is boosted in vitro by physiological pressur-
ization; therefore, drug efﬁcacy in man may be improved by
appropriate physical exercise.
Acknowledgements
We would like to thank Fidia S.p.A., Abano Terme, Italy
company for supplying the HA for the study.
References
1. Martel-Pelletier JM. Pathophysiology of osteoarthritis.
Osteoarthtritis Cartilage 2004;12:S31e3.
2. Fernandes JC, Martel-Pelletier J, Pelletier JP. The role
of cytokines in osteoarthritis pathophysiology. Bio-
rheology 2002;39:237e46.
695Osteoarthritis and Cartilage Vol. 13, No. 83. Martel-Pelletier J, Zafarullah M, Kodama S, Pelletier JP.
In vitro effects of interleukin 1 on the synthesis of
metalloproteases, TIMP, plasminogen activators and
inhibitors in human articular cartilage. J Rheumatol
1991;27:80e4.
4. Rediske JJ, Koehne CF, Zang B, Lotz M. The inducible
production of nitric oxide by articular cell types.
Osteoarthritis Cartilage 1994;2:199e206.
5. Mazzetti I, Grigolo B, Pulsatelli L, Dolzani P, Silvestri T,
Roseti L, et al. Differential roles of nitric oxide and
oxygen radicals in chondrocytes affected by osteoar-
thritis and rheumatoid arthritis. Clin Sci 2001;101:
593e9.
6. van de Loo FA, Joosten LA, van Lent PL, Arntz OJ, van
den Berg WB. Role of interleukin-1, tumor necrosis
factor alpha, and interleukin-6 in cartilage proteogly-
can metabolism and destruction. Effect of in situ
blocking in murine antigen- and zymosan-induced
arthritis. Arthritis Rheum 1995;38:164e72.
7. Farrell AJ, Blake DR, Palmer RM, Moncada S. In-
creased concentrations of nitrite in synovial ﬂuid and
serum samples suggest increased nitric oxide synthe-
sis in rheumatic diseases. Ann Rheum Dis 1992;51:
1219e22.
8. Stefanovic-Racic M, Taskiran D, Georgescu HI, Evans
CH. Modulation of chondrocyte proteoglycan synthe-
sis by endogenously produced nitric oxide. Inﬂamm
Res 1995;44:S216e7.
9. Murrell GA, Jang D, Williams RJ. Nitric oxide activates
metalloprotease enzymes in articular cartilage. Bio-
chem Biophys Res Commun 1995;206:15e21.
10. Blanco FJ, Ochs RL, Schwarz H, Lotz M. Chondrocyte
apoptosis induced by nitric oxide. Am J Pathol 1995;
146:75e85.
11. Pelletier JP, Mineau F, Ranger P, Tardif G, Martel-
Pelletier J. The increased synthesis of inducible nitric
oxide inhibits IL-1ra synthesis by human articular
chondrocytes: possible role in osteoarthritic cartilage
degradation. Osteoarthritis Cartilage 1996;4:77e84.
12. Salvemini D, Manning PT, Zweifel BS, Scibert K,
Connor J, Currie MG, et al. Dual inhibition of nitric
oxide and prostaglandin production contributes to the
antiinﬂammatory properties of nitric oxide synthase
inhibitors. J Clin Invest 1995;96:301e8.
13. Minami T, Nakano H, Kobayashi T, Sugimoto Y,
Ushikubi F, Ichikawa A, et al. Characterization of EP
receptor subtypes responsible for prostaglandin E2-
induced pain responses by use of EP1 and EP3
receptor knockout mice. Br J Pharmacol 2001;133:
438e44.
14. Aley KO, McCarter G, Levine JD. Nitric oxide signaling
in pain and nociceptor sensitization in rat. J Neurosci
1998;18:7008e14.
15. Hall AC, Urban JPG. Responses of articular chondro-
cytes and cartilage to high hydrostatic pressure. Trans
Orthop Res Soc 1989;14:49.
16. Parkkinen JJ, Ikonen J, Lammi MJ, Laakkonen J,
Tammi M, Helminen HJ. Effects of cyclic hydrostatic
pressure on proteoglycan synthesis in cultured chon-
drocytes and articular cartilage explants. Arch Bio-
chem Biophys 1993;300:458e65.
17. Wright M, Jobanputra P, Bavington C, Salter DM,
Nuki G. Effects of intermittent pressure-induced
strain on the electrophysiology of cultured human
chondrocytes: evidence for the presence of stretch-
activated membrane ion channels. Clin Sci 1996;90:
61e71.18. Torzilli PA, Grigiene R. Continuous cyclic load reduces
proteoglycan release from articular cartilage. Osteo-
arthritis Cartilage 1998;6:260e8.
19. Guilak F, Mow VC. The mechanical environment of the
chondrocyte: a biphasic ﬁnite element model of cell
matrix interactions in articular cartilage. J Biomech
2000;33:1663e73.
20. Smith RL, Lin J, Trindade MCD, Shida J, Kajiyama G,
Vu T, et al. Time-dependent effects of intermittent
hydrostatic pressure on articular chondrocyte type II
collagen and aggrecan mRNA expression. J Rehabil
Res Dev 2000;37:153e61.
21. Toyoda T, Seedhom BB, Yao JQ, Kirkham J, Brookes S,
Bonass WA. Hydrostatic pressure modulates pro-
teoglycan metabolism in chondrocytes seeded in
agarose. Arthritis Rheum 2003;48:2865e72.
22. Fioravanti A, Nerucci F, Annefeld M, Collodel G,
Marcolongo R. Morphological and cytoskeletal as-
pects of cultivated normal and osteoarthritic human
articular chondrocytes after cyclical pressure: a pilot
study. Clin Exp Rheumatol 2003;21:739e46.
23. Dahl LB, Dahl IM, Engstrom-Laurent A, Granath K.
Concentration and molecular weight of sodium hya-
luronate in synovial ﬂuid from patients with rheumatoid
arthritis and other arthropathies. Ann Rheum Dis 1985;
44:817e22.
24. Altman RD, Moskowitz R. Intraarticular sodium hyalur-
onate (Hyalgan) in the treatment of patients with
osteoarthritis of the knee: a randomized clinical trial.
Hyalgan Study Group. J Rheumatol 1998;25:
2203e12.
25. Kolarz G, Kotz R, Hochmayer I. Long-term beneﬁts and
repeated treatment cycles of intra-articular sodium
hyaluronate (Hyalgan) in patients with osteoarthritis of
the knee. Semin Arthritis Rheum 2003;32:310e9.
26. Guidolin D, Ronchetti IP, Lini E, Guerra D, Frizziero L.
Morphological analysis of articular cartilage biopsies
from a randomized, clinical study comparing the
effects of 500e730 kDa sodium hyaluronate (Hyal-
gan) and methylprednisolone acetate on primary
osteoarthritis of the knee. Osteoarthritis Cartilage
2001;9:371e81.
27. Pasquali Ronchetti I, Guerra D, Taparelli F, Boraldi F,
Bergamini G, Mori G, et al. Morphological analysis of
knee synovial membrane biopsies from a randomised
controlled clinical study comparing the effects of
sodium hyaluronate (Hyalgan) and methylpredniso-
lone acetate (Depomedrol) in osteoarthritis. Rheu-
matology 2001;40:158e69.
28. Jubb RW, Piva S, Beinat L, Dacre J, Gishen P. A one-
year, randomised, placebo (saline) controlled clinical
trial of 500e730 kDa sodium hyaluronate (Hyalgan)
on the radiological change in osteoarthritis of the knee.
Int J Clin Pract 2003;57:467e74.
29. Guilak F, Sah R, Setton LA. Physical regulation of
cartilage metabolism. In: Mow VC, Hayes WC, Eds.
Basic Orthopaedic Biomechanics. 2nd edn. Philadel-
phia: Lippincott-Raven 1997;179e207.
30. Hodge WA, Fijan RS, Carlson KL, Burgess RG, Harris
WH, Mann RW. Contact pressure in the human hip
joint measured in vivo. Proc Natl Acad Sci 1986;83:
2879e83.
31. AltmanR, AlarconG,AppelrouthD, BlochD, Borestein D,
Brandt K, et al. The American College of
Rheumatology criteria for the classiﬁcation and report-
ing of osteoarthritis of the hip. Arthritis Rheum 1991;
34:505e14.
696 A. Fioravanti et al.: Hyaluronic acid on pressurized chondrocytes32. Nerucci F, Fioravanti A, Cicero MR, Spinelli G,
Marcolongo R. Preparation of a pressurization system
to study the effect of hydrostatic pressure on chon-
drocyte cultures. In vitro Cell Dev Biol 1998;34:9e10.
33. Sah RLY, Grodzinsky AJ, Plass AHK, Sandy JD. Effect
of dynamic compression on matrix metabolism in
cartilagine explants. In: Kuetner KE, Schleyerbach R,
Peyron J, Hascall VC, Eds. Articular Cartilage and
Osteoarthritis. New York: Raven Press 1992;373e92.
34. Heinegard D, Saxne T. Connective tissue macro-
molecules as markers for tissue processes in joint
disease. Eur J Rheumatol 1991;11:91e9.
35. Gross SS, Jaffee EA, Levi R, Kilbourn RE. Cytokine-
activated endothelial cells express an isotope of nitric
oxide synthase which is tetrahydrobiopterin-depen-
dent, calmodulin-independent and inhibited by argi-
nine analogs with a rank-order of potency
characteristic of activated macrophages. Biochem
Biophys Res Commun 1991;178:823e9.
36. Karnovsky MG. A formaldehyde-glutaraldehyde ﬁxative
of high osmolarity for use in electron microscopy.
J Cell Biol 1965;27:137A.
37. Shimazu A, Jikko A, Iwamoto M, Koike T, Yan W,
Okada Y, et al. Effects of hyaluronic acid on release of
proteoglycan from the cell matrix in rabbit chondrocyte
cultures in presence and absence of cytokines.
Arthritis Rheum 1993;36:247e53.
38. Fukuda K, Dan H, Takayama M, Saitoh M, Tanaka S.
Hyaluronic acid inhibits interleukin-1-induced cartilage
degradation. Jpn J Rheumatol 1995;5:345e53.
39. Fukuda K, Dan H, Takayama M, Kumano F, Saitoh M,
Tanaka S. Hyaluronic acid increases proteoglycan
synthesis in bovine articular cartilage in the presence
of interleukin-1. J Pharmacol Exp Ther 1996;277:
1672e5.
40. Stove J, Gerlach C, Huch K, Gunther KP, Puhl W,
Scharf HP. Effect of hyaluronan on proteoglycan
content of osteoarthritic chondrocytes in vitro. J Orthop
Res 2002;20:551e5.
41. Ikenoue T, Trindade MCD, Lee MS, Lin EY, Schurman
DJ, Stuart B, et al. Mechanoregulation of human
articular chondrocyte aggrecan and type II collagen
expression by intermittent hydrostatic pressure in vitro.
J Orthop Res 2003;21:110e6.
42. Miller RP, Husain M, Lohin S. Long acting cAMP
analogues enhance sulfate incorporation into matrix
proteoglycans and suppress cell division of fetal rat
chondrocytes in monolayer culture. J Cell Physiol
1979;100:63e76.
43. Norton LA, Rodan GA, Bourret LA. Epiphyseal cartilage
cAMP changes produced by electrical and mechanical
perturbations. Clin Orthop 1977;59e68.44. Veldhuijzen JP, Bourret LA, Rodan GA. In vitro studies
of the effect of intermittent compressive forces on
cartilage cell proliferation. J Cell Physiol 1979;98:
299e306.
45. Lafeber FPJG, Veldhuijzen JP, van Roy HLAM, Huber-
Bruning O, Bijlsma JWJ. Intermittent hydrostatic
compressive force stimulates exclusively the proteo-
glycan synthesis of osteoarthritic human cartilage. Br J
Rheumatol 1992;31:437e42.
46. van Valburg AA, van Roy HLAM, Lafeber FPJG,
Bijlsma JWJ. Beneﬁcial effects of intermittent ﬂuid
pressure of low physiological magnitude on cartilage
and inﬂammation in osteoarthritis. An in vitro study.
J Rheumatol 1998;25:515e20.
47. Pellettier JP, Jovanovic D, Fernandes JC, Manning PT,
Connor JR, Currie MG, et al. Reduced progression of
experimental osteoarthritis in vivo by selective in-
hibition of inducible nitric oxide synthase. Arthritis
Rheum 1998;41:1275e86.
48. Maneiro E, de Andres MC, Fernandez-Sueiro JL,
Galdo F, Blanco FJ. The biological action of hyaluronan
on human osteoarthritic articular chondrocytes: the
importance of molecular weight. Clin Exp Rheumatol
2004;22:307e12.
49. Chowdhury TT, Bader DL, Lee DA. Dynamic compres-
sion counteracts IL-1b-induced release of nitric oxide
and PGE2 by superﬁcial zone chondrocytes cultured in
agarose constructs. Osteoarthritis Cartilage 2003;11:
688e96.
50. Lee MS, Trindade MCD, Ikenoue T, Schurman DJ,
Goodman SB, Lane Smith R. Intermittent hydrostatic
pressure inhibits shear stress-induced nitric oxide
release in human osteoarthritic chondrocytes in vitro.
J Rheumatol 2003;30:326e8.
51. Entwistle J, Hall CHL, Turley EA. HA receptors:
regulators of signalling to the cytoskeleton. J Cell
Biochem 1996;61:569e77.
52. Ghosh P, Guidolin D. Potential mechanism of action of
intra-articular hyaluronan therapy in osteoarthritis: are
the effects molecular weight dependent? Semin
Arthritis Rheum 2002;32:10e37.
53. Lisignoli G, Grassi F, Zini N, Toneguzzi S, Piacen-
tini A, Guidolin D, et al. Anti-Fas-induced apoptosis
in chondrocytes reduced by hyaluronan: evidence
for CD44 and CD54 (intercellular adhesion mole-
cule1) involvement. Arthritis Rheum 2001;44:
1800e7.
54. Julovi SM, Yasuda T, Shimizu M, Hiramitsu T,
Nakamura T. Inhibition of interleukin 1bestimulated
production of matrix metalloproteinases by hyaluronan
via CD44 in human articular cartilage. Arthritis Rheum
2004;50:516e25.
